Despite the fact that heliobacteria are the only phototrophic representatives of the bacterial phylum Firmicutes, genomic analyses of these organisms have yet to be reported. Here we describe the complete sequence and analysis of the genome of Heliobacterium modesticaldum, a thermophilic species belonging to this unique group of phototrophs. The genome is a single 3.1-Mb circular chromosome containing 3,138 open reading frames. As suspected from physiological studies of heliobacteria that have failed to show photoautotrophic growth, genes encoding enzymes for known autotrophic pathways in other phototrophic organisms, including ribulose bisphosphate carboxylase (Calvin cycle), citrate lyase (reverse citric acid cycle), and malyl coenzyme A lyase (3-hydroxypropionate pathway), are not present in the H. modesticaldum genome. Thus, heliobacteria appear to be the only known anaerobic anoxygenic phototrophs that are not capable of autotrophy. Although for some cellular activities, such as nitrogen fixation, there is a full complement of genes in H. modesticaldum, other processes, including carbon metabolism and endosporulation, are more genetically streamlined than they are in most other low-G؉C gram-positive bacteria. Moreover, several genes encoding photosynthetic functions in phototrophic purple bacteria are not present in the heliobacteria. In contrast to the nutritional flexibility of many anoxygenic phototrophs, the complete genome sequence of H. modesticaldum reveals an organism with a notable degree of metabolic specialization and genomic reduction.
Heliobacteria are photosynthetic bacteria that uniquely employ bacteriochlorophyll (Bchl) g as the major antenna pigment and primary electron donor within a type I reaction center (RC) (3, 55) . Bchl g is related to chlorophyll (Chl) a but has an ethylidine functional group at the C-8 1 position and is esterified with farnesol rather than phytol (33) . An oxidized form of Chl a, 8 1 -hydroxy-Chl a, is the primary electron acceptor from the RC special pair (3, 56) . Unlike other anoxygenic phototrophic bacteria, heliobacteria have no Bchl-containing internal membranes or structures, such as lamellae (purple bacteria) or chlorosomes (green bacteria). In the heliobacteria, photosynthetic pigments are confined to RCs in the cytoplasmic membrane (16, 37) . Carotenoids are also unusual in heliobacteria in that they consist of C 30 pigments rather than the C 40 derivatives present in other phototrophs (53) . The dominant carotenoid in nonalkaliphilic heliobacteria is 4,4Ј-diaponeurosporene (52) .
In addition to their unique photosynthetic properties, heliobacteria can be distinguished from all other anaerobic anoxygenic phototrophs in at least three major ways. In terms of carbon metabolism, heliobacteria are obligately heterotrophic. Growth occurs either photoheterotrophically (anoxic, with light) on a limited range of organic substrates or by fermentation of pyruvate in the dark (22, 34) . By contrast, autotrophic growth, the hallmark of photosynthetic organisms, has not been observed with cultures of any heliobacterium species (34) . Heliobacteria are phylogenetically unique, as they are the only phototrophic organisms that group within the bacterial phylum Firmicutes using 16S rRNA gene sequence analyses (8, 32) . Finally, heliobacteria are unique among all phototrophs in that they produce endospores (24), a key property of nonphototrophic Firmicutes, such as Bacillus and Clostridium.
A complete genome sequence analysis of Heliobacterium modesticaldum, the first heliobacterial genome to be sequenced, reveals an organism with a full complement of nitrogen fixation genes but only a limited capacity for carbon metabolism and no apparent mechanism for autotrophic growth.
Many genes linked to endosporulation in Bacillus subtilis were not found in H. modesticaldum, which may have relevance for the ambiguous sporulation patterns observed in heliobacterial cultures (24) . These results describe H. modesticaldum strain Ice1, the type strain of this species isolated from Icelandic hot spring volcanic soils (23) .
MATERIALS AND METHODS

Genome sequencing. H. modesticaldum strain Ice1
T genomic DNA was fragmented randomly by kinetic shearing, and two shotgun libraries were constructed: a small insert library in plasmid pOTWI3 (using 3-to 4-kb size fractions) and a large insert fosmid library in pEpiFOS-5 (with insert sizes ranging from 28 to 47 kb), which was used as a scaffold. The relative amounts of sequence coverage obtained from the small and large insert libraries were approximately 11ϫ and 2ϫ, respectively. The whole genome sequence was established from 51,795 end sequences derived from these libraries using dye terminator chemistry with Applied Biosystems 3730xl automated sequencers. The sequence was assembled with the program ARACHNE (5) and finished as described previously (51) .
Annotation. Initial automated annotation of the genome was performed with the TIGR/JCVI annotation engine (www.tigr.org/AnnotationEngine), and it was processed by The Institute for Genome Research's prokaryotic annotation pipeline using gene finding with Glimmer, SignalP predictions, and BLAST extendrepraze (BER), HMM, and TMHMM searches. Automatic annotations were created using AutoAnnotate. Manatee (manatee.sourceforge.net) was used to manually review and confirm the annotation of all genes. Pseudogenes contained one or more mutations that could ablate expression; each inactivating mutation was subsequently checked against the original sequencing data. A circular genome map was created using the program CGView (50) .
Phylogenetic analyses. Sequence identity analyses were performed using the Basic Local Alignment Search Tool (BLAST) (2) . Gene sequences were aligned and phylogenetic trees were constructed using MEGA, version 3.1 (28) . Bootstrap values were determined using 500 replicates. Sequences used in phylogenetic analyses were obtained from NCBI genome databases (http://www.ncbi.nlm .nih.gov/).
Nucleotide sequence accession number. The complete and annotated sequence of the genome of H. modesticaldum strain Ice1
T has been deposited in the DDBJ/EMBL/GenBank database under accession number CP000930.
RESULTS AND DISCUSSION
Genome properties. H. modesticaldum strain Ice1
T has a single 3,075,407-bp circular chromosome containing 3,138 open reading frames (ORFs), eight pseudogenes, and no plasmids ( Table 1 ). The genomic GϩC content of H. modesticaldum, 56.0%, is at the upper end of the range for heliobacteria (33) ( Table 1 and Fig. 1 ). The total protein-encoding content of the chromosome is 87%, and the average gene length is 882 nucleotides. Eight rRNA operons are randomly dispersed throughout the chromosome. Each operon contains one copy each of 5S, 16S, and 23S rRNA genes, giving a total of 24 rRNA genes. This number is high but consistent with the numbers for other endospore-forming Firmicutes (25) . A summary of the number and percentage of genes in each primary category is shown in Table 2 .
An unusual feature of the H. modesticaldum genome is the prevalence of gene strand bias, where large numbers of genes cluster predominately on one strand or the other throughout the chromosome (Fig. 1) . One strand of the chromosome contains approximately two-thirds of the protein coding sequences (CDSs) (Fig. 1, outer ring) , while the other strand contains the other one-third. This degree of strand asymmetry of coding sequences is unusual in bacteria and, to our knowledge, is equaled only by the close phylogenetic but not phototrophic relative Desulfitobacterium hafniense Y51 among completely sequenced prokaryotes having a circular chromosome (40) .
CDSs encoding conserved hypothetical proteins make up approximately 11% of the total CDSs, and an additional 1.7% of the ORFs contain domain regions having sequence identity to known motifs. The genome contains 70 ORFs that show significant sequence identity to genes that encode transposases. Although this number is high compared to the numbers for many other completely sequenced Firmicutes, it is comparable to the 71 (2 confirmed and 69 putative) transposase genes found in D. hafniense Y51 (40) and the 60 transposase genes of Desulfotomaculum reducens MI-1 (U.S. DOE Joint Genome Institute, NCBI genome database); these two strains are nonphototrophic gram-positive bacteria that are close phylogenetic relatives of Heliobacterium spp. (48) .
Most of the 20 common aminoacyl-tRNAs can be synthesized directly in H. modesticaldum; the only exception is asparaginyl-tRNA, which cannot be synthesized due to the apparent absence of a gene encoding asparaginyl-tRNA synthetase. An alternative pathway that could allow asparaginyl-tRNA synthesis involves aspartyl/glutamyl-tRNA amidotransferase, a heterotrimeric enzyme that can catalyze the conversion of aspartyl-tRNA to asparaginyl-tRNA in Pseudomonas aeruginosa (1) . Although this function is more commonly observed in Archaea (12) , genes predicted to encode all three subunits of aspartyl-tRNA amidotransferase (gatABC) are present in H. modesticaldum. These genes may have functions similar to those of P. aeruginosa genes for synthesis of a full complement of aminoacyl-tRNAs. In addition, the H. modesticaldum genome contains the selABCD genes, which allow the synthesis and incorporation of selenocysteine into proteins.
Carbon metabolism. Genomic analyses of H. modesticaldum supported the restricted capacity for organic carbon photoassimilation previously observed in physiological studies (23) . Although photoheterotrophic growth using fatty acids, such as butyrate and propionate, has been observed for some species of heliobacteria (4, 6, 9, 43) , H. modesticaldum is limited to photoassimilation of pyruvate, lactate, or acetate (23) . Growth of Heliobacterium gestii, but not growth of H. modesticaldum, is supported by ethanol plus CO 2 (43) . Although three genes predicted to encode alcohol dehydrogenase are present in H. modesticaldum, a lack of peripheral enzymes, such as NADdependent aldehyde dehydrogenase, may preclude the catab- olism of alcohols. Glucose and fructose utilization has also been reported in H. gestii (33) . However, despite the presence of genes predicted to encode a four-subunit monosaccharidetransporting ATPase (rbsABCD) in the genome, sugars did not support growth of H. modesticaldum (23) . Genes corresponding to complete glycolytic and nonoxidative pentose phosphate pathways were identified (data not shown), so it remains unclear why monosaccharides are unsuitable growth substrates for H. modesticaldum. Pyruvate supports both photoheterotrophic and fermentative (dark anoxic) growth of heliobacteria (33) . Consistent with biochemical studies carried out by Pickett et al. (44) , no gene encoding pyruvate dehydrogenase was found in the H. modesticaldum genome. However, the oxidation of pyruvate to acetyl FIG. 1. Circular genome map of the 3.1-Mb H. modesticaldum chromosome. The rings indicate (from outside to inside) all the genes and insertion elements, color coded by functional category (rings 1 and 2), the deviation from the average GϩC content (ring 3), and the GC skew (ring 4). The approximate location of the origin of replication is at the beginning of the dnaA gene. The colors indicate the following: turquoise, small-molecule biosynthesis; yellow, central or intermediary metabolism; orange, energy metabolism; red, signal transduction; light blue, DNA metabolism; blue, transcription; purple, protein synthesis/fate; dark green, surface-associated features; gray, miscellaneous features; pink, phage and insertion elements; light green, unknown function; dark gray, conserved hypothetical proteins; black, hypothetical proteins; brown, pseudogenes. (Fig. 2) . Acetate is presumably photometabolized through an acetyl adenylate intermediate to acetyl-CoA via an AMP-forming acetyl-CoA synthetase (HM1_0951) (Fig. 2) . A gene predicted to encode acetate kinase (HM1_2157), which phosphorylates acetate to acetyl-P, was also found in the genome.
The mechanism of pyruvate fermentation in H. modesticaldum is complicated by the lack of a gene encoding phosphotransacetylase, which converts acetyl-CoA to acetyl-phosphate. Either a highly unusual phosphotransacetylase is present, or there is an alternative mechanism of pyruvate fermentation in H. modesticaldum. One possibility for this is reverse activity of enzymes involved in the photoassimilation of acetate (reactions 1 and 12 in Fig. 2 ). In this scenario, CO 2 and reduced ferredoxin are products of the oxidation of pyruvate to acetylCoA. The production of ATP would occur with the conversion of acetyl-adenylate (from acetyl-CoA) to acetate via acetylCoA synthetase (Fig. 2) , an enzyme known to have reversible activity (57) .
Genes encoding a putative [FeFe] hydrogenase that could oxidize ferredoxin with the production of H 2 were identified in H. modesticaldum and are shown schematically in Fig. 3A . These genes, nuoEF (HM1_1028) and nuoG (hydA; HM1_ 1029), showed levels of sequence identity of 79 and 81%, respectively, to genes of Heliobacillus mobilis. The arrangement of nuoE and nuoF varies among Firmicutes containing an [FeFe] hydrogenase. In both H. modesticaldum and Heliobacillus mobilis, these genes are fused to produce a single transcript, but in some other Firmicutes, such as Pelotomaculum thermopropionicum SI, the genes are separate (30) (Fig. 3A) . The fusion of nuoE and nuoF does not occur exclusively in heliobacteria, however, since these genes are also fused in Symbiobacterium thermophilum, an uncultivated commensal bacterium phylogenetically related to Firmicutes (30) .
No mechanism for autotrophic growth has been identified in any heliobacterial species, in contrast to all other anaerobic anoxygenic phototrophs (18) . Consistent with these physiological observations, genes encoding essential enzymes of all known autotrophic pathways were not found in the H. modesticaldum genome, including genes encoding ribulose 1,5-bisphosphate carboxylase and phosphoribulokinase (Calvin cycle), citrate lyase (reverse citric acid cycle), carbon monoxide dehydrogenase (reductive acetyl-CoA pathway), and malylCoA lyase (3-hydroxypropionate pathway). Moreover, there is no evidence for a gene encoding 4-hydroxybutyryl-CoA dehydratase, a key enzyme of the recently described 3-hydroxypropionate/4-hydroxybutyrate pathway of carbon fixation (7, 54) . The absence of citrate lyase may be the key factor distinguishing the carbon metabolism of heliobacteria from that of green sulfur bacteria, autotrophic phototrophs that fix CO 2 via the reverse citric acid cycle. In addition, no gene encoding citrate synthase was found in the genome. Thus, H. modesticaldum appears to have an incomplete citric acid cycle, which is typical of organisms using this cycle for biosynthesis.
A putative anapleurotic carbon fixation pathway for heliobacteria, in which CO 2 assimilation occurs through phosphoenolpyruvate (PEP) carboxylase activity, was proposed by Pickett et al. (44) and recently examined again by Heinnickel and Golbeck (18) . A similar mechanism was proposed as a means of mixotrophic growth in the aerobic phototrophic proteobacterium Roseobacter denitrificans (51) . The enzymes needed to carry out these transformations have been identified in the H. modesticaldum genome, and thus a small amount of nonautotrophic CO 2 assimilation likely takes place. A summary of the proposed pathways of carbon metabolism in H. modesticaldum is shown in Fig. 2 .
Nitrogen fixation. H. modesticaldum is an active dinitrogen fixer, and this species and the green sulfur bacterium Chlorobaculum tepidum are the only cultured anoxygenic phototrophs that are capable of N 2 fixation at temperatures above 50°C (23, 31) . The organization of the nif regulon in H. modesticaldum is identical to that in Heliobacterium chlorum (15) . The nif regulon consists of 11 genes: nifI 1 , nifI 2 , nifH, nifD, nifK, nifE, nifN, nifX, fdxB, nifB, and nifV. In a phylogenetic analysis using a concatenated alignment of the nitrogenase structural genes nifHDK, H. modesticaldum grouped within a clade containing both a closely related species belonging to the Firmicutes (D. hafniense) and a distantly related deltaproteobacterium (Geobacter sulfurreducens) (Fig. 4) . The high level of similarity of heliobacterial nifHDK genes to the genes of Geobacter was also noted in phylogenetic analyses using nif genes from H. chlorum (15) (45) . The products of nifI 1 and nifI 2 , which encode proteins belonging to the P II signal transduction family, are located between the nifH and nifD products in group II and III nitrogenases, but they are not present in most group I nitrogenases (15, 45) . The presence of nifI 1 and nifI 2 upstream of nifH in H. modesticaldum, as well as in other species of Heliobacterium and in D. hafniense Y51, suggests that the nitrogenase of these organisms may be an evolutionary intermediate between group I and group II/III nitrogenases (14, 15) .
The H. modesticaldum genome contains an ORF (HM1_ 0869) with 90 and 74% sequence identity to the recently described orf1 in H. gestii and H. chlorum, respectively (14) . The orf1 product shares some amino acid sequence identity (ϳ27%) with the hutP product, a positive regulator of the histidine utilization (hut) operon in B. subtilis. Similar to the regulatory mechanism for histidine utilization by HutP, orf1, situated upstream of the nif regulon, may be involved in ammonia switch-off regulation of nif gene expression in heliobacteria (14, 31) . The activation of the orf1 product in the absence of sufficient levels of fixed nitrogen may allow transcription to continue through a terminator-like structure in the intergenic region of orf1 and nifI 1 , resulting in expression of the nif structural genes (14) . In H. modesticaldum the terminator-like structure shows 94 and 83% sequence identity to the terminator regions of H. gestii and H. chlorum, respectively. This regulatory mechanism is distinct from that of most diazotrophs, which employ the nifA gene product, which is not present in heliobacteria (10, 14) , as a transcriptional activator (36) .
An operon containing genes involved in the assembly of an uptake [NiFe] hydrogenase was also found in the genome of H. modesticaldum. In contrast to the [FeFe] hydrogenase involved in hydrogen production during pyruvate fermentation, the uptake [NiFe] hydrogenase is likely associated with nitrogenase, catalyzing the oxidation of hydrogen produced in the following nitrogen-fixing reaction: 8H ϩ ϩ 8e Ϫ ϩ N 2 3 2NH 3 ϩ H 2 (46) . A total of 10 genes are present in the uptake [NiFe] hydrogenase operon (Fig. 3B) . Six genes (hypABCDEF) encode assem- hafniense Y51. In contrast to the single gene cluster present in H. modesticaldum, however, these genes occur in separate operons found in different regions of the D. hafniense chromosome (Fig. 3B) .
Endospore formation. Endosporulation appears to be universal among heliobacteria (24) , and the ability of endospores to survive pasteurization (heating to 80°C for 15 min) can be exploited for selective enrichment of these organisms (33, 49) . H. modesticaldum contains genes encoding all five sigma factors deemed essential for sporulation in B. subtilis ( H , E , F , G , and K ). However, in a genome-wide comparison of the two organisms, several sporulation-specific genes were not found in H. modesticaldum.
An ortholog of the spo0M gene, which is involved in the regulation of endospore formation in B. subtilis (17), was not identified in H. modesticaldum. Although this gene is not essential for viability of B. subtilis, inactivation of it significantly hinders initiation of endosporulation (17) . The absence of this gene in H. modesticaldum is curious since it is present in many species of Bacillus, as well as in sporulating organisms more closely related to heliobacteria, such as D. reducens and P. thermopropionicum. Likewise, no homolog of the spoIIB gene, which is involved in septum formation during stage II of sporulation in B. subtilis, could be found in the H. modesticaldum genome. Although genetic studies in which the B. subtilis spoIIB gene was altered resulted in only minor impairment of sporulation (35) , the apparent absence of both spoIIB and spo0M in heliobacteria could adversely affect the ability of these organisms to sporulate. Consistent with this hypothesis is the fact that sporulation of pure cultures of heliobacteria is rarely observed (24) .
None of the 20 known cot genes in B. subtilis, whose products form the inner and outer spore coat and ostensibly function in a protective capacity (39) , showed significant sequence identity to genes in the H. modesticaldum genome. Although it is not known whether the lack of cot genes is universal among heliobacteria, heliobacterial endospores do not appear to be compromised in terms of heat resistance, as evidenced by the presence of viable cells in pasteurized cultures (49) .
Pigment biosynthesis and photosynthetic proteins. Bchl g is one of two Chl derivatives (along with Bchl b) that contain an ethylidene substituent on ring B. The biosynthetic pathway of Bchl g (or Bchl b) has not been established yet. The genome data for H. modesticaldum revealed no gene predicted to encode a divinyl reductase; however, this cannot be correlated to Bchl b-containing organisms since, to date, the genomes of none of these organisms have been sequenced. Homologues of neither bciA nor slr1923, genes recently shown to encode C-8 divinyl reductases in C. tepidum (11) and Synechocystis sp. strain PCC6803 (20) , respectively, were identified in the H. modesticaldum genome. Thus, it is possible that heliobacteria contain a third, unknown type of divinyl reductase, as has been proposed for species of Roseiflexus, a filamentous anoxygenic phototroph that also lacks bciA and slr1923 (20) .
However, a proposed alternative pathway of Bchl g synthesis that circumvents the absence of divinyl reductase and incorporates the somewhat unexpected presence of the chlorophyllide reductase enzyme complex (BchX, BchY, and BchZ) is shown in Fig. 5 . We propose that in this pathway, the C-7-C-8 double bond is reduced by chlorophyllide reductase, and the ethylidene group is then formed by isomerization of the C-8 1 vinyl substituent. Although the gene that encodes the enzyme responsible for this isomerase activity has not been identified, this mechanism seems plausible, as it would require the reduction of only one double bond on ring B and is completely consistent with the gene presence/absence patterns described above.
Farnesol, the esterifying alcohol of Bchl g, is synthesized in a complete nonmevalonate pathway, in which pyruvate and glyceraldehyde 3-phosphate are condensed to yield isopentenyl-pyrophosphate and dimethylallyl-pyrophosphate through a cascade of enzymatic reactions (13) . Farnesyl-pyrophosphate is produced from these precursors through a geranyl-pyrophosphate intermediate (13) .
The gene encoding Bchl synthetase (bchG) in H. modesticaldum (HM1_0692) has a high level of sequence identity (74.7%) to bchG from Heliobacillus mobilis (see Fig. S1 in the supplemental material). As it is in Heliobacillus mobilis (58) , bchG is situated between bchJ (HM1_0693), a gene recently shown to not encode divinyl reductase in green sulfur bacteria (11) , and pshA (HM1_0690) in H. modesticaldum (Fig. 3C) . FIG. 5 . Proposed pathway of later steps in Bchl g biosynthesis in H. modesticaldum. Divinyl protochlorophyllide a is reduced to 8-vinyl chlorophyllide a by the activity of the bchLNB gene products. This is followed by the reduction of the C-7-C-8 double bond via the bchXYZ gene products, which yields C-8 vinyl bacteriochlorophyllide a. Bacteriochlorophyllide g is produced by the isomerization of the 8 1 -vinyl group to an ethylidene group. Bchl synthetase (BchG) then catalyzes the addition of a farnesyl group, which yields the completed Bchl g.
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PshA is the type I RC core polypeptide homologous to PscA and PsaA of other phototrophs with type I RCs (see Fig. S2 in the supplemental material). These genes are members of a large photosynthesis gene cluster (PGC) that also contains genes encoding all four cytochrome bc complex subunits (PetA, PetB, PetC, and PetD), the 18-kDa cytochrome c 553 (PetJ), a carotenoid biosynthesis protein (CrtN), and several proteins involved in vitamin biosynthesis (58) (Fig. 3C) . The bchXYZ genes are located on the opposite strand in an adjacent operon (Fig. 3C ). The phylogenetic relationship of concatenated amino acid sequences from protochlorophyllide reductase (bchLNB) and chlorophyllide reductase (bchXYZ) genes from H. modesticaldum and other organisms is shown in Fig. 4 . The distinctly separate lineages of the H. modesticaldum bchXYZ and bchLNB genes and the genes of other anoxygenic phototrophs are evident. The grouping of photosynthetic genes into superoperonal clusters is a trait found only in heliobacteria and purple bacteria. However, as these organisms are phylogenetically distinct phototrophs, it is significant that the PGC of purple bacteria shows little gene synteny with that of heliobacteria. A comparison of the PGCs of Rhodobacter capsulatus and H. modesticaldum shows that most of the photosynthesis genes in R. capsulatus are not present in H. modesticaldum (Fig. 3C) . It is also notable that while nearly all of the genes in the PGC of R. capsulatus encode proteins with photosynthetic functions, the products of more than one-half of the genes in the PGC of H. modesticaldum appear to be involved in nonphotosynthetic processes (Fig. 3C) .
The relative simplicity of heliobacterial photosynthesis is suggested first by the absence of three Bchl biosynthesis genes in H. modesticaldum that are present in R. capsulatus (bchCPF). Conversely, R. capsulatus contains all 13 bch genes present in H. modesticaldum (Fig. 3C) . Perhaps even more indicative of the simplicity of the heliobacterial photosynthetic apparatus is the lack of a heteromeric RC, such as that encoded by the pufLM genes in purple bacteria, and the absence of additional light-harvesting complexes, which are encoded by the pufAB and pucAB genes in purple bacteria. It is therefore difficult to envision a close evolutionary connection between the PGCs of heliobacteria and purple bacteria due to extensive gene rearrangements and divergent transcription. Instead, the high degree of genetic disparity suggests that these superoperon clusters developed convergently rather than having a common origin. The possible functional significance of this is not apparent. Electron transfer pathways. Genes predicted to encode all 14 subunits of NADH:quinone oxidoreductase (nuoA to nuoN) were identified in the H. modesticaldum genome. Presumably, electrons from NADH are transferred to menaquinone through this complex and donated to the cytochrome bc complex, which reduces the Rieske [2Fe-2S] subunit (PetC) and cytochrome b L (18) (Fig. 6) . Electrons from the cytochrome bc complex are transferred to the RC primary electron donor, P798, via cytochrome c 553 (42) . A complete ATP synthase, having all eight subunits encoded in a single conserved operon, catalyzes ATP synthesis. Phylogenetic and physiological similarities between photosystem I and the heliobacterial RC, as well as kinetic studies conducted with Heliobacillus mobilis (27) , suggest that proton motive force generation through cy- clic electron flow occurs in H. modesticaldum, but this has not been confirmed.
Electron transfer within the RC of heliobacteria is not well understood. It is known that rapid transfer occurs from the excited state of the primary electron donor, P798, to the primary acceptor, 8 1 -OH-Chl a (A 0 ), but the existence of a secondary quinone acceptor (A 1 ) has not been confirmed (41) . PshA exists as a homodimer containing two cysteine residues per subunit that are believed to bind to an F X -like [4Fe-4S] cluster (26, 38, 41) . In addition to pshA, a pshB gene (HM1_1462), which encodes an RC-associated [4Fe-4S]-binding ferredoxin, was confirmed to be present in the H. modesticaldum genome. A recent study showed that PshB binds the terminal Fe/S dicluster electron acceptors, F A and F B (19) . Electrons are likely transferred from the Fe/S clusters to a cytoplasmic ferredoxin, which can supply reducing equivalents for cellular processes, such as carbon assimilation and nitrogen fixation (Fig. 6) .
No clear homolog of a gene encoding ferredoxin:NADP ϩ reductase (FNR) is present in the genome. A well-conserved thioredoxin reductase encoded by a gene in the H. modesticaldum genome (HM1_0984) showed 30 and 28% sequence identity to the FNR of Bacillus thuringiensis and C. tepidum, respectively. The gene encoding FNR in C. tepidum was originally annotated as a putative thioredoxin reductase gene, but the product has since been shown to have FNR activity (47) . However, the low levels of sequence identity of these enzymes to HM1_0984, as well as the equivalog-level support of the ORF as a thioredoxin reductase gene, suggest that the enzyme is not FNR. Therefore, the mechanism of NADP ϩ reduction in H. modesticaldum remains unknown. Our analysis of the Heliobacterium genome provides the first glimpse of the genetic capacity of the unique anoxygenic phototrophs belonging to this genus. Further genomic analyses, especially analyses of species of heliobacteria that inhabit agricultural soils (such as Heliophilum fasciatum) or alkaline soils (such as Heliorestis species), should further unravel the unusual patterns of carbon metabolism, photosynthetic energy conversion, and sporulation found here. We thank Aaron Collins for helpful discussions and assistance with graphics.
